Stable isotope dilution assay (SIDA) and HS-SPME-GCMS quantification of key aroma volatiles for fruit and sap of Australian mango cultivars by San, Anh T. et al.
Accepted Manuscript
Analytical Methods
Stable isotope dilution assay (SIDA) and HS-SPME-GCMS quantification of
key aroma volatiles for fruit and sap of Australian mango cultivars
Anh T. San, Daryl C. Joyce, Peter J. Hofman, Andrew J. Macnish, Richard I.
Webb, Nicolas J. Matovic, Craig M. Williams, James J. De Voss, Siew H. Wong,
Heather E. Smyth
PII: S0308-8146(16)31979-3
DOI: http://dx.doi.org/10.1016/j.foodchem.2016.11.130
Reference: FOCH 20263
To appear in: Food Chemistry
Received Date: 27 June 2016
Revised Date: 22 November 2016
Accepted Date: 23 November 2016
Please cite this article as: San, A.T., Joyce, D.C., Hofman, P.J., Macnish, A.J., Webb, R.I., Matovic, N.J., Williams,
C.M., De Voss, J.J., Wong, S.H., Smyth, H.E., Stable isotope dilution assay (SIDA) and HS-SPME-GCMS
quantification of key aroma volatiles for fruit and sap of Australian mango cultivars, Food Chemistry (2016), doi:
http://dx.doi.org/10.1016/j.foodchem.2016.11.130
This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting proof before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
  
1 
 
Stable isotope dilution assay (SIDA) and HS-SPME-GCMS quantification of key aroma volatiles for fruit and sap of 1 
Australian mango cultivars 2 
Anh T. Sanab, Daryl C. Joyceb,c, Peter J. Hofmanc, Andrew J. Macnishc, Richard I. Webbd, Nicolas J. Matovice, Craig 3 
M. Williamse, James J. De Vosse, Siew H. Wonge and Heather E. Smytha* 4 
aQueensland Alliance for Agriculture & Food Innovation, The University of Queensland, Coopers Plains, 5 
Queensland, Australia 6 
bSchool of Agriculture & Food Sciences, The University of Queensland, Gatton & St Lucia, Queensland, Australia 7 
cDepartment of Agriculture and Forestry, Brisbane and Nambour, Queensland, Australia 8 
dCentre for Microscopy & Microanalysis, The University of Queensland, St Lucia, Queensland, Australia 9 
eSchool of Chemistry and Molecular Biosciences, The University of Queensland, Brisbane, Queensland, Australia. 10 
*Corresponding author: h.smyth@uq.edu.au (H. E. Smyth) 11 
Email addresses: tram.san@uq.net.au (A. T. San); d.joyce@uq.edu.au (D. C. Joyce); Peter.Hofman@daf.qld.gov.au 12 
(P. J. Hofman); Andrew.Macnish@daff.qld.gov.au (A. J. Macnish); r.webb@uq.edu.au (R. I. Webb); 13 
n.matovic@uniquest.com.au (N. J. Matovic); c.williams3@uq.edu.au (C. M. Williams); j.devoss@uq.edu.au (J. J. 14 
De Voss); siew.wong@uqconnect.edu.au (S.H. Wong); h.smyth@uq.edu.au (H. E. Smyth)   15 
Abstract 16 
Reported herein is a high throughput method to quantify in a single analysis the key volatiles that contribute to the 17 
aroma of commercially significant mango cultivars grown in Australia. The method constitutes stable isotope 18 
dilution analysis (SIDA) in conjunction with headspace (HS) solid-phase microextraction (SPME) coupled with gas-19 
chromatography mass spectrometry (GCMS). Deuterium labelled analogues of the target analytes were either 20 
purchased commercially or synthesised for use as internal standards. Seven volatiles, hexanal, 3-carene, α-terpinene, 21 
p-cymene, limonene, α-terpinolene and ethyl octanoate, were targeted. The resulting calibration functions had 22 
determination coefficients (R2) ranging from 0.93775 to 0.99741. High recovery efficiencies for spiked mango 23 
samples were also achieved. The method was applied to identify the key aroma volatile compounds produced by 24 
‘Kensington Pride and ‘B74’ mango fruit and by ‘Honey Gold’ mango sap. This method represents a marked 25 
improvement over current methods for detecting and measuring concentrations of mango fruit and sap volatiles.  26 
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1. Introduction 29 
Mango fruits are highly desired by consumers because of their distinctive and evocative flavour as a function of their 30 
aroma and taste. Australia produces ca. 50,000 ton of mango fruit for domestic and export markets annually (AMIA, 31 
2016). ‘Kensington Pride’, ‘B74’, ‘Honey Gold’ and ‘R2E2’ are the main cultivars grown commercially (Dillon, 32 
Bally, Wright, Hucks, Innes, & Dietzgen, 2013). These Australian varieties are not grown widely overseas. 33 
Nonetheless, they are in high demand both domestically and as premium products in export markets due to their 34 
distinctive fruit odour profiles. The intense flavour of the fruit of Australian mango cultivars has been reported to be 35 
a crucial attribute that drives repeat purchases by consumers (Florkowski, Klepacka, Nambiar, Meng, Fu, 36 
Sheremenko, et al., 2014). The mango industry has responded to this driver by focusing horticultural research into 37 
optimising agronomic and postharvest handling practices to maximise flavour production by fruit; for example, a 38 
‘guaranteed sweet’ program (Florkowski, et al., 2014). 39 
Several hundred volatile compounds have been identified in mango fruits (Andrade, Maia, & Zoghbi, 2000; Lalel & 40 
Singh, 2006; Lalel, Singh, & Tan, 2003; MacLeod & de Troconis, 1982; MacLeod, Macleod, & Snyder, 1988; 41 
MacLeod & Snyder, 1985; Pino, Mesa, Muñoz, Martí, & Marbot, 2005; Shivashankara, Isobe, Horita, Takenaka, & 42 
Shiina, 2006). The volatile profile varies considerably among different mango cultivars. The selection of the seven 43 
targeted compounds was based on their presence in the headspace analysis and their contribution to the flavour of 44 
mango fruit. For example, α-terpinolene is considered a key aroma volatile responsible for the characteristic flavour 45 
of ‘Kensington Pride’, the most commonly grown cultivar in Australia (Lalel, Singh, & Tan, 2003). It was also 46 
shown to be present in relatively high abundance in ‘Cheiro’, ‘Chana’, ‘Bacuri’, ‘Cametá’, ‘Gojoba’, ‘Carlota’, 47 
‘Coquinho’ and ‘Comum’ mango fruits (Andrade, Maia, & Zoghbi, 2000). Other volatile compounds, including 48 
hexanal, 3-carene and limonene, are also considered important as they have been found in mango fruits at 49 
concentrations above their sensory thresholds (Pino, 2012). 3-Carene has a sweet and pungent odour and 50 
quantitatively represented the second main volatile compound produced by ‘Kensington Pride’ mango fruit (2003). 51 
In ‘Kensington Pride’ mango, α-terpinene was present as the major volatile component at the climacteric stage, 52 
while the highest concentrations of limonene and p-cymene were found during the pre-climacteric stage. Ethyl 53 
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octanoate replaces α-terpinolene in dominance after fruit reach the fully ripe stage. Ethyl octanoate has a low odour 54 
activity value. Nonetheless, it is important in the aromatic equilibrium phase as the most abundant constituent, and is 55 
a potential indicator of ‘Kensington Pride’ mango fruit senescence.  56 
Mango sap has two phases including an oily upper non-aqueous phase and a milky lower aqueous phase. It is 57 
interesting to note that the non-aqueous phase, which is rich in terpenoids, plays an important role in the plants 58 
defence against bacteria and fungus (Negi, John, & Rao, 2002). In this study, limonene was reported as the dominant 59 
terpenoid compound. Moreover, a ‘sapburn’ browning injury was largely due to sap exudation on the mango fruit 60 
surface (Loveys, Robinson, Brophy, & Chacko, 1992). This blemish reduces the visual quality of fruit and leads to 61 
the loss of market confidence. Terpinolene was abundant in the non-aqueous phase of ‘Kensington Pride’ mango sap 62 
that is evidently related with this browning (Loveys, Robinson, Brophy, & Chacko, 1992). 63 
The purpose of the present study was to develop a rapid, accurate and precise analytical method utilising a 64 
combination of Stable Isotope Dilution Analysis (SIDA) and Head-space Solid phase microextraction (HS-SPME) in 65 
combination with gas chromatography mass spectrometry (GC-MS) to quantify characteristic aroma volatiles 66 
produced by fruits and sap of Australian mango cultivars to assist flavour optimisation research. This analytical work 67 
was conducted towards better understanding the role of sap components in antimicrobial activities and sapburn 68 
injury. Seven key aroma volatile compounds, hexanal, 3-carene, α-terpinene, p-cymene, limonene, α-terpinolene, 69 
ethyl octanoate, were targeted for ripe ‘Kensington Pride’ and ‘B74’ mango fruit and for ‘Honey Gold’ mango sap.  70 
HS-SPME coupled with GC-MS is a relatively simple, rapid, inexpensive, and solvent-free technique for quantifying 71 
volatiles (Butkhup, Jeenphakdee, Jorjong, Samappito, Samappito, & Chowtivannakul, 2011; Sánchez-Palomo, Díaz-72 
Maroto, & Pérez-Coello, 2005). However, matrix effects and other potential sources of variation (e.g. MS detector, 73 
ionic strength and other matrices) can considerably impact on the quantification of results, particularly their accuracy 74 
and precision (Yuan, Li, Xu, & Fu, 2013). SIDA provides an alternative approach to eliminate variability related to 75 
sample preparation and matrix effects and to improve the recovery of the analytes (Maraval, Sen, Agrebi, Menut, 76 
Morere, Boulanger, et al., 2010).  The combined analytical method of SIDA and HS-SPME-GC-MS is considered 77 
more accurate, precise, rapid and sensitive than other quantitative techniques, such as liquid–liquid extraction, 78 
especially for low volatile and polar odorants (Siebert, Smyth, Capone, Neuwöhner, Pardon, Skouroumounis, et al., 79 
2005). 80 
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Quantification methods have been developed previously for the analysis of volatiles in mango. The common 81 
examples are where analytical methods have been applied either to compare the most abundant aroma compounds 82 
between mango cultivars (Munafo, Didzbalis, Schnell, Schieberle, & Steinhaus, 2014; Nicola & Fontana, 2014; 83 
Pandit, Chidley, Kulkarni, Pujari, Giri, & Gupta, 2009; Pino, Mesa, Muñoz, Martí, & Marbot, 2005), to measure 84 
differences in volatile aroma components between ripened and mature green mango fruits (Lalel, Singh, & Tan, 85 
2003; Pandit, Kulkarni, Chidley, Giri, Pujari, Köllner, et al., 2009; Shivashankara, Isobe, Horita, Takenaka, & 86 
Shiina, 2006) or to quantify the major aroma-active compounds in tree-ripened mango fruit (Munafo, Didzbalis, 87 
Schnell, & Steinhaus, 2016). These methods only provide definite and accurate quantification results if recovery 88 
rates and response factors are measured for each compound against a suitable internal standard.  Some studies 89 
(Loveys, Robinson, Brophy, & Chacko, 1992; Saby John, Jagan Mohan Rao, Bhat, & Prasada Rao, 1999) 90 
demonstrate only the percentage composition of sap and not the quantitative concentrations of aroma volatiles in sap. 91 
Musharraf, Uddin, Siddiqui, and Akram (2016) quantified the volatile concentration of different Pakistan mango sap 92 
using gas chromatography triple quadrupole mass spectrometry. However, limited information is given regarding the 93 
effect of the sap matrix on the quantification. In most cases, such rigor in analytical method development has not 94 
been employed for the analysis of mango volatiles. 95 
Ideally in analytical methods development, the response of analytes should be calibrated to an internal standard that 96 
behaves very similarly both chemically and physically to the analyte in a given matrix. This is particularly important 97 
where SPME is employed due to variation in the adsorption properties of different analytes to the fibre. Techniques 98 
that overcome these challenges use either deuterium or carbon-13 labelled analogues of target analytes as internal 99 
standards. Deuterium labelled standards are commonly applied as they are readily accessible (Florkowski, Shewfelt, 100 
Brueckner, & Prussia, 2014) and relatively inexpensive as compared to 13C-labeled standards. This technique known 101 
as SIDA has been applied in combination with SPME for the analysis of volatiles in rice (Maraval, et al., 2010), 102 
freeze-dried Cheonggukjang (Park, Choi, Kwon, & Kim, 2007), olive oil (Dierkes, Bongartz, Guth, & Hayen, 2012),  103 
juice and wine (Kotseridis, Spink, Brindle, Blake, Sears, Chen, et al., 2008), for which target analytes are 104 
successfully measured in concentrations ranging from µg/l down to ng/l. To date, however, the combination of SIDA 105 
and HS-SPME-GC-MS has not been proven for quantitative analysis of key aroma volatiles in mango fruit and sap, 106 
which inspired our method development in this space. 107 
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2. Materials and methods 108 
2.1 Materials 109 
All solvents were HPLC grade and all reagents were purchased from Sigma-Aldrich, Australia. The standards used 110 
included hexanal (Sigma-Aldrich, Australia), 3-carene (Sigma-Aldrich, Australia), α-terpinene (Sigma-Aldrich, 111 
Australia), p-cymene (Sigma-Aldrich, Australia), limonene (Sigma-Aldrich, Australia), α-terpinolene (Fluka, 112 
Australia) and ethyl octanoate (Sigma-Aldrich, Australia). d15-Ethyl octanoate and d12-hexanal were purchased from 113 
CDN Isotopes (CDN, Canada). Deuterium labelled internal standards d6-α-terpinolene and d5-limonene were 114 
synthesised in-house, as they were not commercially available. 115 
2.2 Synthesis of isotopes 116 
The commercially available methyl 4-methyl-cyclohex-3-ene-1-carboxylate was reacted with an excess of d3-methyl 117 
magnesium iodide to provide d6-terpineol (Ketter & Herrmann, 1990). Phosphoryl chloride mediated elimination of 118 
water (procedure for unlabelled terpineol given below) produced a mixture of d6-terpinolene and d5-limonene 119 
(Korstanje, de Waard, Jastrzebski, & Klein Gebbink, 2012; Rudloff, 1961). Both compounds were partially 120 
separated by column chromatography on silver impregnated silica gel (Mander & Williams, 2016; Williams & 121 
Mander, 2001) to give 9:1 and 1:1 fractions of d6-terpinolene and d5-limonene. The fractions were characterised by 122 
high field 1H and 13C NMR as well as by Bruker AV400MHz mass spectrometry. For 1H NMR, residual CHCl3 in 123 
CDCl3 was referenced at δ7.26 ppm. For 13C NMR, the central peak of the CDCl3 triplet (δ77.0 ppm) was used to 124 
reference chemical shifts. GC/MS was performed using a Shimadzu-17A GC equipped with J&W Scientific DB5 125 
column (internal diameter 0.2mm; 30m) coupled to a Shimadzu QP5000 Mass Spectrometer (70eV). 126 
d6-α-Terpinolene (Zou, Wang, & Goeke, 2008) 127 
1H NMR (CDCl3, 400 MHz): δ 1.65 (s, 3H, H3-7), 1.99 (m, 2H), 2.30 (t, J = 6.4 Hz, 2H), 2.71 (m, 2H), 5.35 (m, 1H, 128 
H-2). 129 
13C NMR (CDCl3, 125 MHz): δ 23.4, 26.6, 29.5, 31.5, 120.8, 121.3, 127.6, 134.2. 130 
d5-Limonene (Guo, Zhang, Liang, You, Geng, Wang, et al., 2016): 131 
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1H NMR (CDCl3, 400 MHz): δ 1.49 (m, 1H), 1.64 (br s, 3H, H3-7), 1.73 – 2.12 (m, 4H), 2.30 (m, 1H), 2.71 (sextet, J 132 
= 2 Hz, 1H, H-4), 5.35 (m, 1H, H-2).  133 
13C NMR (CDCl3, 125 MHz): δ 23.4, 27.9, 30.6, 30.8, 41.0, 120.7, 133.8, 150.0. 134 
Elimination of water from terpineol: A solution of α-terpineol (1.0 g, 6.5 mmol) in anhydrous pyridine (10 ml) was 135 
added in phosphoryl chloride (1.2 ml, 13.0 mmol) under a N2 atmosphere at 0 °C. The reaction mixture was 136 
gradually warmed up to room temperature and stirred for 20 h. The reaction mixture was then added to cold water 137 
and extracted with petroleum spirit (2 × 10 ml). The organic phases were washed with a saturated solution of copper 138 
sulfate, dried over anhydrous magnesium sulfate and concentrated to give a yellow oil (0.75 g, 85 %) consisting of 139 
terpinolene and limonene (1:1 by GC-MS) along with a small amount of chlorinated side product (8 % by GC-MS). 140 
2.3 Mango fruit 141 
‘B74’ mango fruit were collected at commercial maturity (dry matter contents of 13.9, and 13.6 %) from orchards 142 
near Dimbulah, Queensland, Australia (-17.149 oS, 145.111 oE) and Goodwood, Queensland, Australia (-25.10 oS, 143 
152.37 oE), respectively. ‘Kensington Pride’ mango fruit were harvested at commercial maturity (dry matter contents 144 
of 13.1 and 13.6 %) from orchards near Mareeba, Queensland, Australia (-16.992 ºS, 145.422 ºE) and Childers, 145 
Queensland, Australia (-25.17 oS, 152.17 oE), respectively. Thirty biological fruit replicates with three technical 146 
replicates per biological replicate were used for each ‘B74’ mangoes and ‘Kensington Pride’ mangoes. All fruit were 147 
de-stemmed in Mango Wash® (Septone, ITW AAMTech, Australia) for 2 minutes and graded for uniform quality as 148 
per commercial procedures. ‘Nam Dok Mai’ mango fruit for method validation were collected from the major 149 
commercial market at Rocklea near Brisbane, Queensland, Australia (-27.28 oS, 153.03 oE). The fruit were packed as 150 
a single layer into cardboard trays with plastic liners and transported within 24 hours by air-plane and / or car to the 151 
Maroochy Research Facility postharvest laboratory near Nambour, Queensland, Australia. They were then treated 152 
with 10 µl/l ethylene for 2 d at 20 ºC to trigger ripening as per commercial practice. Thereafter, the fruit were 153 
maintained at 20 ºC until ripe. The flesh of one cheek of each fruit was then removed using a sharp knife. A vertical 154 
section of flesh from the proximal stem end to the distal fruit tip was diced into small pieces and stored in glass 155 
bottles at -20 ºC for 2-3 months pending analysis. Prior to instrumental analysis, samples were thawed and blended 156 
with an Ultra-Turrax® (IKA, Germany) stick blender ready for sampling directly into headspace vials. 157 
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2.4 Mango sap 158 
‘Honey Gold’ mango fruit were harvested at commercial maturity from an orchard near Katherine, Northern 159 
Territory, Australia (14.28 °S, 132.16 °E). Fruit with a 2-5 cm-long pedicel attached were carefully transported to a 160 
nearby packing shed. The pedicel was broken at the abscission zone and the fruit inverted to allow the sap to drain 161 
over 4-5 minutes. The sap was collected into glass vials. The sap from 20 fruit was collected for each replication. 162 
The vial opening was covered with a piece of aluminium foil and closed with an aluminium screw-on cap. The 163 
collected sap was stored at -20 oC pending analysis. The aqueous phases of sap (lower phase) was separated using a 164 
5810 R centrifuge (Eppendorf, Germany) at 3000 rpm for 10 mins and used in the validation. 165 
Aliquots of 0.1 g of sap, either whole sap or aqueous sap lower phase, were dissolved in 10 ml of distilled water. The 166 
diluted samples were mixed well using a ball mill MM400 (Retsch GmbH, Germany) for 30s and then diluted a 167 
further 50 times with distilled water. A volume of 2.5 ml diluted sap was then added to a 20 ml HS-SPME vial 168 
(Merck, Australia) containing 2.5 ml of saturated sodium chloride (NaCl) solution and a magnetic stir flea (5 x 2 169 
mm) for aroma analysis. Five biological replicates with two technical replicates per biological replicate were 170 
prepared for analysis. 171 
2.5 Calibration and validation of method 172 
Standard solutions were prepared using analytical reagent grade chemicals. A combined stock solution which 173 
contained each of the target analytes (viz., hexanal, 3-carene, α-terpinene, p-cymene, limonene, α-terpinolene and 174 
ethyl octanoate) in ethanol (Merck, Australia) was also prepared. Solutions were always made in duplicate from 175 
separately weighed reagents to ensure precision in their preparation. The stock concentration of target analytes were 176 
approximately 0.5 g/l (hexanal and p-cymene), 2 g/l (3-carene and α-terpinene), 10 g/l (limonene) and 20 g/l (α-177 
terpinolene). 178 
In duplicate, water, mango flesh and aqueous sap lower phase were spiked with increasing levels of the combined 179 
stock solution of analytes so that the resulting concentrations in water were approximately 0, 1.5, 3, 6, 15, 30, 60, 180 
150, 300 and 600 µg/l for hexanal and p-cymene, 0, 5, 10, 20, 50, 100, 200, 500, 1000 and 2000 µg/l for 3-carene, α-181 
terpinene and ethyl octanoate, 0, 25, 50, 100, 250, 500, 1000, 1500, 5 000 and 10 000 µg/l for limonene, and 0, 50, 182 
100, 200, 500, 1000, 2000, 5000, 10 000 and 20 000 µg/l for α-terpinolene. Mango flesh and aqueous sap lower 183 
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phase contain minimal concentrations of analytes’ prior to spiking. A dilution of mango flesh of 1:400 was spiked 184 
with different amounts of α-terpinolene (0, 50, 100, 200, 500, 1000, 2000, 5000, 10 000 and 20 000 µg/l) in order to 185 
have a low α-terpinolene concentration for optimising the MS signal of α-terpinolene. The solutions were prepared 186 
in SPME vials for analysis (n = 10 x 2). The concentrations of analytes in the samples were calculated from the peak 187 
area ratios for the unlabelled and labelled compounds versus the concentration ratio. Validation parameters including 188 
the calibration relative standard deviation (RSD) and recovery were calculated in spiked concentration levels of each 189 
standard compound. The limit of detection (LOD) and limit of quantification (LOQ) were calculated on the basis of 190 
3.3α/S and 10α/S, respectively (Musharraf, Uddin, Siddiqui, & Akram, 2016). α is the standard deviation of the y-191 
intercepts and S is the slope of calibration curve. 192 
2.6 Headspace sampling of volatiles for analysis 193 
A sample of either 2.5 g homogenized mango flesh or 2.5 ml aqueous solution of standards was added to a 20 ml 194 
SPME vial (Merck, Australia) containing 2.5 ml of saturated sodium chloride (NaCl) solution and a magnetic stirrer 195 
flea (5 x 2 mm). Vials were immediately sealed with a screw cap fitted with a silicone/PTFE septum. Subsequently, 196 
100 μl of combined internal standard solution was injected through the septum and the vial was shaken well. The 197 
deuterated internal standards were added at concentrations of 30 µg/l for d12-hexanal, 50 µg/l for d15-ethyl octanoate 198 
and 106 µg/l for both d6-α-terpinolene and d5-limonene as equivalent to the amount of mango flesh in the vial. The 199 
vial and its contents were heated to 40 °C with stirring at 250 rpm for 2 min followed by extraction with a 200 
divinylbenzene/carboxen/polymethylsiloxane (DVB/CAR/PDMS, 'grey', 1 cm) 50/30 µm fibre (Supelco, USA) 201 
which was exposed to the headspace for 30 min. The SPME fibre was injected into the Programmable Temperature 202 
Vaporizing (PTV) inlet (Gerstel, Germany) set at 200 °C in splitless mode and the fibre was desorbed for 8 min. 203 
2.7 Instrumental analysis of volatiles  204 
An Agilent 6890 gas chromatograph (Agilent Technologies, USA) equipped with a Gerstel MPS2XL multi-purpose 205 
sampler and coupled to a 5975N mass selective detector was used for the analysis of samples. The instrument was 206 
controlled by and the data analysed with MSD Chemstation E. 02. 02. 1431software (Agilent). The gas 207 
chromatograph was fitted with a ~30 m x 0.25 mm fused silica capillary ZB-5ms column (Phenomenex, Australia) 208 
with 0.25µm film thickness. Helium carrier gas (BOC Gas) using a linear velocity of 44 cm/s with a constant flow 209 
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rate of 1.5 ml/min was used. The pressure was 75.7 kPa and total flow was 70.5 ml/min. The oven had an initial 210 
temperature of 40 °C that was held for 2 min, increased to 80 °C at 2 °C/min and then to 220 °C at 40 °C/min and 211 
held for 5 min. The PTV inlet was fitted with a 0.75 mm borosilicate glass SPME inlet liner (Agilent). The mass 212 
spectrometer quadrupole temperature was set at 230 °C, the source was set at 250 °C, and the transfer line at 280 °C. 213 
Ion electron impact spectra at 70 eV were recorded in selective ion monitoring (SIM) or scan (35-350 m/z) mode. 214 
3. Results and Discussion 215 
3.1 Isotope synthesis 216 
The mass spectra of the internal standard compounds are characterized (data not shown). The NMR data for d6-217 
terpinolene matched those previously reported (Zou, Wang, & Goeke, 2008), except for the following observations: 218 
The signals for CH3-9 and CH3-10 were absent in the 1H spectrum of d6-terpinolene and C-9 and C-10 appeared as 219 
complex multiplets slightly upfield of the reported shifts (Zou, Wang, & Goeke, 2008) in undeuterated terpinolene, 220 
as would be expected for C2H3 moieties. The NMR spectral data obtained for d5-limonene was also in agreement 221 
with in the literature values (Bollen & Emond, 2014), except that the CH2-9 methylene and CH3-10 methyl were 222 
largely absent from the 1H NMR and the signals for C-9 and C-10 were vastly diminished in the 13C NMR spectrum. 223 
Analysis of the molecular ion region in the mass spectrum of d6-terpinolene indicated that it was 96% d6 and 4% d5, 224 
and lower isotopomers were not observed. Similar analysis of d5-limonene indicated that it was 95% d5 and 5% d4, 225 
and lower isotopomers were not observed. 226 
3.2 Mango volatile analysis method and validation 227 
An accurate and precise analytical method involving a combination of HS-SPME-GCMS and SIDA was developed 228 
using selected ion monitoring (SIM) to quantify important aroma volatiles present in Australian mangoes. The 229 
concentration ranges targeted for each analyte were selected by considering both the sensorially active range of each 230 
compound by referring to the odour sensory threshold concentrations and the indicative concentration range as 231 
previously reported for that compound in mango (Table 5). The labelled internal standard used to quantify each 232 
target analyte, respective retention time and the target and qualifier ions used for SIM and relative percentages are 233 
given in Table 1. Schmarr, Slabizki, Müntnich, Metzger, and Gracia-Moreno (2012) reported an inverse isotope 234 
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effect whereby the heavier deuterated compounds elute prior to their non-labelled counterparts as was also observed 235 
in our study.  236 
The precision of the method was thoroughly validated at various levels in mango fruit and sap matrices. Duplicate 237 
standard addition calibration equations were developed in water, mango flesh and sap matrices (Table 2) for each of 238 
the seven target volatile compounds. Separate standard addition calibration curves were created for mango fruit 239 
using ‘Nam Dok Mai’ fruit and mango sap using the non-aqueous sap phase of ‘Honey Gold’ mango. These were 240 
selected because of their naturally lower profile of these aroma volatiles. 241 
The calibration equations developed for ‘B74’ and ‘Kensington Pride’ mango flesh, including their range of linearity 242 
and the coefficients of determination (R2) achieved, are presented in Table 2. In general, the LOD and LOQ were 243 
relatively lower than its odour threshold. Therefore the developed method showed very good sensitivity of detection. 244 
The calibration curves showed good linearity over the reported concentration range for all compounds with good 245 
correlation (R2 ) from 0.93775 to 0.99741. The largest calibration range developed was for α-terpinolene at 50-246 
20,200 µg/l due to its relatively higher odour sensory threshold at 200 µg/l and the higher concentration as is 247 
expected in mango (Lalel, Singh, & Tan, 2004). The lowest calibration range developed was for p-cymene at 1.3-248 
1,060 µg/l since it has a much lower odour threshold and was expected to be found in mango at much lower 249 
concentration ranges. At higher concentrations in the spiked standards, p-cymene co-eluted with d5-limonene which 250 
limited the range of calibration to ~550 µg/l. Nevertheless, this was still higher than the reported sensory threshold at 251 
11.4 ug/l. The minimum LOD and LOQ were obtained for p-cymene at 0.824 and 2.498 µg/l, respectively. The 252 
validation was performed to confirm the calibration developed in the water matrix was suitable for application 253 
(Table 2). Generally, the method was accurate and precise for all 7 compounds within the mango matrix. After this 254 
verification, the analytes in mango flesh and sap samples were quantified using calibration curves obtained from a 255 
water matrix. 256 
Similarly, the validation curves constructed using aqueous sap phase were linear throughout the calibration range, 257 
with good correlation (R2) which varied from 0.89069 to 0.99142 (Table 2). As mango sap is a complex and variable 258 
matrix to quantify accurately all these compound versus their labelled internal standards, the correlation efficiency 259 
(R2) was lower for 3-carene (0.89069). 260 
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The recoveries were also demonstrated by spiking a known amount of analyte into the ‘Nam Dok Mai’ mango 261 
matrix at five replicate additions for each analyte. Recoveries of the spiked concentrations are reported in Table 3. 262 
All the relative standard deviations (RSD) were < 8.8% for all 7 spiked analyte compounds. 263 
3.3 Analysis of key aroma volatiles in mango fruits 264 
A range of mango fruits within the two varieties, were collected, ripened and prepared for analysis so that the 265 
analytical method could be validated for its applied usefulness. A summary of the concentration data for the 7 key 266 
aroma volatile compounds produced by ripe ‘B74’ and ‘Kensington Pride’ mango fruit is reported in Table 4. 267 
Overall, the variety ‘Kensington Pride’ produced the highest average concentration of α-terpinolene at 19,719 µg/l, 268 
which is in agreement with published data (Lalel, Singh, & Tan, 2004). ‘B74’ had an average terpinolene content 269 
(11,272 µg/l) lower than ‘Kensington Pride’ mango fruit. 3-Carene and limonene were the second and third, 270 
respectively, most abundant volatiles produced by both ‘B74’ and ‘Kensington Pride’ fruits. 3-Carene and limonene 271 
have been reported to be responsible for a ‘resinous, sweet, leafy, green, pungent’ (MacLeod & Snyder, 1985; Pino, 272 
2012; Shivashankara, Isobe, Horita, Takenaka, & Shiina, 2006) and ‘citrus-like’ aroma (Pino, 2012). p-Cymene, 273 
with a characteristic ‘herbal or minty’ odour (MacLeod & Snyder, 1985), was present in ‘B74’ and ‘Kensington 274 
Pride’ fruits at average concentrations of 12 and 14 µg/l, respectively, and above its odour perception threshold. The 275 
lowest average concentration of ethyl octanoate was measured in ‘Kensington Pride’ at 0.5 µg/l, while the lowest 276 
average contents of hexanal and ethyl octanoate were found in ‘B74’ mango fruit at 6.0 and 0.6 µg/l, respectively. 277 
In order to compare the odour contribution and relative importance of each compound to the aroma of ‘B74’ and 278 
‘Kensington Pride’, the odour activity value (OAV) was calculated for each compound (Table 5). The OAV is the 279 
ratio between the concentration of an aroma compound and its odour threshold (Pino & Febles, 2013). Reported 280 
odour sensory thresholds and nature of the odour of each target analyte are also shown in Table 5. The compounds α-281 
terpinolene, 3-carene, p-cymene and limonene were found to be odour active in all mango fruits analysed (i.e., 282 
OAV>1). 283 
The application of OAV’s to compare and contrast odour volatile contribution has been reported previously (Du, 284 
Plotto, Baldwin, & Rouseff, 2011). However, the method utilised in that study could not approach the OAV of some 285 
compounds due to the lack of a suitable internal standard to detect aroma volatiles present at low levels. The 286 
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accuracy and precision realised in the present work allow for meaningful comparisons to be made using OAV’s, 287 
because the concentration data collected is sensitive and reliable. 288 
3.4 Analysis of key aroma volatiles in mango sap 289 
The SIDA HS-SPME-GCMS method was applied to analyse ‘Honey Gold’ mango fruit sap with some modification 290 
in the preparation steps, namely a dilution of a small amount of sap to reduce the initial concentration of all volatiles. 291 
Following that modification, the ensuing steps for sap analysis was the same as were utilised for mango flesh. 292 
Thereby, this modified SIDA HS-SPME-GCMS method is easily employed to quantify these analytes in different 293 
matrices, such as ‘Honey Gold’ mango sap. 294 
Quantitative data of the predominant volatile compounds in ‘Honey Gold’ mango sap are shown in Table 4. α-295 
Terpinolene was the most abundant component in ‘Honey Gold’ mango sap. It is most likely responsible for mango 296 
sapburn, being present at levels notably higher than its perception threshold (Loveys, Robinson, Brophy, & Chacko, 297 
1992). A relatively higher concentration of terpinolene (70 mg/g) was found in ‘Kensington’ mango sap (Loveys, 298 
Robinson, Brophy, & Chacko, 1992), while an average amount of 59 mg/g was found in ‘Honey Gold’ mango sap.  299 
Terpinolene was significantly more abundant in ‘Honey Gold’ mango sap than in ‘B74’ and ‘Kensington Pride’ 300 
mango fruit (Table 4). The average concentrations of 3-carene and of limonene in ‘Honey Gold’ sap varied from 3.0 301 
to 5.7 mg/g and from 0.5 to 1.6 mg/g, respectively. α-Terpinene was found at average concentration of 1.5 mg/g. The 302 
mean content of β-cymene was 0.1 mg/g. It is notable that hexanal and ethyl octanoate were not detected in the sap 303 
samples. Considerable differences in major volatile constituents in sap exist between mango cultivars. For example, 304 
there were significant variations in the volatile sap components of Australian and Indian mango cultivars. 305 
Terpinolene and 3-carene were found to be the major components in Australian ‘Kensington’ and ‘Irwin’ (Loveys, 306 
Robinson, Brophy, & Chacko, 1992) fruit sap, whereas neither of these compounds was identified in any of the 307 
Indian cultivars (Saby John, Jagan Mohan Rao, Bhat, & Prasada Rao, 1999). For this study, SIDA HS-SPME-GCMS 308 
served as a rapid, accurate and precise method for determination of key aroma compounds in sap.  309 
4. Conclusion 310 
An accurate and precise method for the analysis of key volatiles was developed in a model system and subsequently 311 
validated with both Australian mango fruit and sap. The method of combining SIDA with HS-SPME-GC-MS was 312 
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found to be highly sensitive and allowed high throughput of samples. It produced calibrations with high coefficients 313 
of determination and excellent linearity across a range of concentrations relevant to mango flavour. This method 314 
represents a pronounced improvement over current methods for detecting and measuring the concentration of mango 315 
fruit and sap volatiles. It could be of wider benefit in future studies aimed at exploring and optimising the flavour of 316 
commercial mango varieties, their parent lines and also wild types.  317 
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 449 
Table 1 Analysis parameters for determination using SIM of seven important aroma volatiles. 450 
Internal standard tRa 
(min) 
Target 
ion m/z 
Qualifier ions 
m/z (%)b 
Target 
compounds 
 tR
a 
(min) 
Target 
ion m/z 
Qualifier ions 
m/z (%)b 
d12-Hexanal 5.51 64 62 (46) 80 (46) 
92 (6) 
Hexanal 5.71 56 57 (70) 82 (22) 
67 (11) 
d6-α-Terpinolene 21.12 142 124 (98) 93 (71) 
108 (18) 
3-Carene 16.01 93 91 (41) 77 (30) 
79 (27) 
   124 (98) 93 (71) 
108 (18) 
α-Terpinene 16.64 93 121 (103) 136 
(89) 91 (55) 
   124 (98) 93 (71) 
108 (18) 
p-Cymene 17.22 119 134 (27) 103 (5) 
117 (16) 
d5-Limonene 17.29 141 126 (56) 112 
(54) 100 (14) 
Limonene 17.48 136 121 (121) 107 
(109) 93 (345) 
d6-α-Terpinolene 21.12 142 124 (98) 93 (71) 
108 (18) 
α-Terpinolene 21.37 136 93 (160) 121 
(198) 91 (87) 
d15-Ethyl 
octanoate 
24.20 91 105 (32) 142 
(29) 121 (6) 
Ethyl octanoate 24.32 88 101 (38) 127 
(29) 115 (9) 
a
 Retention time. 451 
b
 This % represents the associated ions relative % to the target ion shown in the previous column, not necessarily the base peak. 452 
  453 
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Table 2 Summary of calibration and main validation parameters for seven mango volatiles in water, mango flesh and 454 
mango sap matrices. 455 
Analyte 
Calibration 
range (µg/l) 
Calibration equation R2 
LOD 
(µg/l) 
LOQ 
(µg/l) 
In a water matrix 
Hexanal 1.4-578 y = 1.809 x 0.99741 1.058 3.205 
3-Carene 5.2-1,077 y = 2.260 × 10-1x - 4.347 × 10-2 0.95909 2.284 6.922 
α-Terpinene 5.1-1,211 y = 8.441 × 10-1x - 3.403 × 10-2 0.93775 3.038 9.205 
p-Cymene 1.3-548 y = 3.158 x - 1.124 × 10-1 0.97666 0.824 2.498 
Limonene 25-5,041 y = 1.919 × 10-1x - 1.315 × 10-1 0.94393 12.870 38.999 
α-Terpinolene 50-20,214 y = 3.432 × 10-2x - 6.503 × 10-2 0.97716 32.842 99.520 
Ethyl octanoate 5.4-2,172 y = 2.389 × 10-1 x + 3.592 × 10-1  0.98584 5.572 16.884 
In a mango flesh matrix 
Hexanal 1.4-724 y = 7.744 × 10-1x  0.99249 1.939 5.875 
3-Carene 5.2-2,300 y = 3.695 × 10-1x + 1.347 0.94224 0.379 1.149 
α-Terpinene 5.1-2,220 y = 1.601x + 9.669 × 10-1 0.97366 5.721 17.336 
p-Cymene 1.3-1,060 y = 4.526x + 1.650 0.90798 3.641 11.032 
Limonene 25-10,082 y = 5.226 × 10-1x + 5.637 × 10-1 0.93014 3.391 10.275 
α-Terpinolene 50-20,214 y = 4.001 × 10-2x - 9.522 × 10-2 0.98950 28.373 85.979 
Ethyl octanoate 5.4-2,178 y = 8.366 × 10-1x + 1.166 × 10-2 0.98859 21.906 66.383 
In a mango sap matrix 
Hexanal 1.4-724 y = 3.769 × 10-1x  0.99142 2.362 7.157 
3-Carene 5.2-1,150 y = 6.605 × 10-2x + 1.819 × 10-2 0.89069 1.110 3.363 
α-Terpinene 5.1-2,220 y = 6.198 × 10-1x + 2.010 × 10-1 0.90845 4.246 12.866 
p-Cymene 1.3-530 y = 2.346x - 2.098 × 10-2 0.90143 7.025 21.288 
Limonene 25-10,082 y = 1.920 × 10-1x - 5.211 × 10-2 0.90406 1.828 5.540 
α-Terpinolene 50-20,214 y = 6.979 × 10-3x + 4.775× 10-2 0.99336 17.505 53.045 
Ethyl octanoate 5.4-1,122 y = 5.139 × 10-1x + 2.972 × 10-2 0.99632 16.656 50.474 
 456 
  457 
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Table 3 Recoveries and relative standard deviation (RSD) of compounds spiked into a mango fruit.  458 
Samples with spiked 
compounds 
Matrix spike  
concentration (µg/l) 
Recovery 
(%) 
RSD (%) 
Hexanal 290 107-121 8.8 
3-Carene 909 95-104 3.9 
α-Terpinene 854 97-119 7.9 
p-Cymene 419 72-88 8.2 
Limonene 4,102 80-97 7.7 
α-Terpinolene 4,028 99-114 5.9 
Ethyl octanoate 898 86-106 8.0 
n=5 (replication) 459 
 460 
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Table 4. Aroma compounds concentrations in ripe ‘B74’ and ‘Kensington Pride’ mango fruits and in ‘Honey Gold’ mango sap. 461 
Compounds 
Concentration (µg/l) of 'B74' fruit1 
 
Concentration (µg/l) of 'Kensington Pride' fruit1  Concentration (mg/g) of  'Honey' mango sap2 
Average Min Max S.D.a CVb 
 
Average Min Max S.D.a CVb  Average Min Max S.D.a CVb 
Hexanal  6   3   13   2   41    54   14   188   47   87   n.d.     
3-Carene  929   34   4,122   986   106    383   33   1,777   418   109   4.2 3.0 5.7 1.2 28.8 
α-Terpinene  23   1   72   19   84    43   2   202   47   109   1.5 1.0 2.1 0.5 30.7 
p-Cymene  12   2   25   6   55    14   5   40   9   66   0.1 0.1 0.2 0.0 30.7 
Limonene  216   89   769   155   72    264   93   881   198   75   1.1 0.5 1.6 0.5 45.9 
α-Terpinolene  11,272   329   49,122   11,966   106    19,719   672   87,900   21,624   110   59.0 36.9 73.9 18.0 30.5 
Ethyl octanoate  0.6   0.2   1.4   0.3   51    0.5  0.0  2.5   0.6   108   n.d.     
a Standard deviation. 462 
b
 Coefficient of variation. 463 
n.d.: not detected 464 
1
n = 30 (replication) and 2n = 5 (replication) 465 
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Table 5 Odour activity values in ripe ‘B74’ and ‘Kensington Pride’ mango fruits. 467 
Compounds Odour description 
Odour 
thresholda 
(µg/l) 
OAVb of  'B74' fruit 
 
OAVb of  'Kensington Pride' fruit 
Average Min Max S.D. CV 
 
Average Min Max S.D. CV 
Hexanal Green, fatty 1   4.5 1  1.31   1   3   1   41  
 
12 3 42 10 87 
3-Carene Leafy2  51  186   7   824   197   106  
 
77 7 355 84 109 
α-Terpinene Citrus, lemon-like3  854, 5  0   0   1   0   84  
 
1 0.02 2 1 109 
p-Cymene Herbal, minty6  11.47  1   0   2   1   55   1 0 4 1 66 
Limonene Citrus-like1  2101  1   0   4   1   72  
 
1 0 4 1 75 
α-Terpinolene Piney1  2001  56   2   246   60   106  
 
99 3 439 108 110 
Ethyl octanoate Slightly nutty coconut6  1948  0.0   0.0   0.0   0.0   51  
 
0.003 0.000 0.013 0.003 108 
a
  Each sensory (odour) threshold reported was determined in a water matrix. 468 
b
 Odour activity values were calculated by dividing the concentrations by the respective odour threshold. 469 
1 Pino (2012); 2 Shivashankara, Isobe, Horita, Takenaka, and Shiina (2006); 3 Costa, Zellner, Crupi, De Fina, Valentino, Dugo, et al. (2008); 4 Du, Finn, and Qian (2010) ; 5 Vincente, Manganaris, Ortiz, Sozzi, and 470 
Crisosto (2014); 6 MacLeod and Snyder (1985); 7 Pino and Mesa (2006); 8 Pino and Mesa (2006). 471 
n = 30 (replication) 472 
 473 
 474 
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 475 
 476 
Highlights 477 
• SIDA with HS-SPME-GC-MS was a high throughput and precise method. 478 
• It can eliminate variability related to sample preparation and matrix effects. 479 
• It has not to date been proven for volatile quantification in mango fruit and sap. 480 
• Full validations were conducted. 481 
• High recovery efficiencies were achieved. 482 
 483 
